ABSTRACT: The ability to precisely control interfaces of atomic layer deposited (ALD) zinc oxysulfide (Zn(O,S)) buffer layers to other layers allows precise tuning of solar cell performance. The O K-and S K-edge X-ray absorption near edge structure (XANES) of ∼2−4 nm thin Zn(O,S) films reveals the chemical and structural influences of their interface with ZnO, a common electrode material and diffusion barrier in solar cells. We observe that sulfate formation at oxide/ sulfide interfaces is independent of film composition, a result of sulfur diffusion toward interfaces. Leveraging sulfur's diffusivity, we propose an alternative ALD process in which the zinc precursor pulse is bypassed during H 2 S exposure. Such a process yields similar results to the nanolaminate deposition method and highlights mechanistic differences between ALD sulfides and oxides. By identifying chemical species and structural evolution at sulfide/oxide interfaces, this work provides insights into increasing thin film solar cell efficiencies.
A tomic layer deposited (ALD) zinc oxysulfide (Zn(O,S)) films have garnered increasing attention as promising buffer layers in solar cells stemming from the ease with which their composition and thickness can be tuned, a flexibility that allows for adjusting the films' band gap, conduction band offset and conductivity, among many other properties. 1−3 The versatility of Zn(O,S) to be paired up with several absorber layers (SnS, CIGS, CIS, CZTS) and its large bandgap range (E g ≈ 2.6−3.8 eV) 4 may allow it to replace the more commonplace but highly toxic CdS buffer layers.
Adjusting sulfur content to obtain a slightly positive conduction band offset (CBO ≤ 0.5 eV) 5 and decreasing buffer layer thickness 6, 7 reduces interfacial and bulk carrier recombination and allows for straightforward optimization of cell performance. 8−10 However, to date, there is still controversy on the degree of Zn(O,S) bandgap bowing with sulfur content and thickness. 5, 10, 11 This is largely due to the rapid diffusion of sulfur inside the buffer layer toward the substrate interface, which complicates band alignment. 7, 11 It becomes particularly problematic in metal-sulfide ALD, where low growth rates necessitate the films' long exposure to elevated temperatures, favoring reconfiguration. 12 As a result, Zn(O,S) buffer layers perform differently depending on deposition technique 13 and strategy. 5 X-ray absorption near edge structure (XANES) is capable of revealing oxidation states, coordination chemistry, molecular orbitals, band structure, local displacement and chemical shortrange order information 14 and has been established as a powerful technique for studying interfaces, 15 compositional effects, 9 and electronic structure 16 in ALD films. Through XANES, we recently discovered 9 the electronic−geometric structure relationship behind the band gap bowing. Infiltration of sulfur into ZnO gives rise to S 3p−Zn 4sp−O 2p hybridized orbitals in the conduction band as seen in both O and S Kedges, where electron donating behavior of sulfur 17 affects the ionicities and bond lengths of the system. However, in that reference work, Zn(O,S) films were deposited on TiO 2 nanoparticles (NPs), a relevant electrode for dye sensitized solar cells, but not used in CIGS based devices. 18 In CIGS architectures, the buffer has interfaces with two films: (1) the top electrode, typically an n-type intrinsic or Al-doped ZnO and (2) a p-type CIGS absorber layer. 19 To prevent sulfur diffusion and the formation of an interfacial current blocking ZnS film, 7,20 the CIGS is often coated with a thin layer of ZnO before the deposition of Zn(O,S). 5 Hence, in a common CIGS device, Zn(O,S) interfaces with ZnO on both sides. Knowledge on the electronic structure of a ZnO/Zn(O,S) interface is therefore indispensable. In what follows, we will explore the O K-and S K-edges of ∼2−4 nm thin Zn(O,S), elaborating on electronic structure differences to thick films, substrate, and composition dependencies. We will show how sulfides behave differently from oxides and may evolve in a completely different manner than is commonly understood. Figure 1 shows the sample architectures that were investigated in this work. The sample labels will follow the nomenclature; Lettersnumber_cycles, where letters indicate substrate (T for TiO 2 NPs, S for SiO 2 , TZ for 12 nm ZnO coated TiO 2 NPs and SZ for 12 nm ZnO coated Si substrates), number gives H 2 S/(H 2 S+H 2 O) cycles ratio (33%, 20% and 10%) and cycles denotes the total number of ALD cycles. Experimental details of the samples are provided in Supporting Information and are in agreement with previous reports. 3, 21, 13 The O K-edge XANES total electron yield (TEY) spectra of thin samples (20 cycles) deposited on anatase TiO 2 NPs (Figure 1a ) are shown in Figure S2 (information obtained from TEY spectra is from a few nm below the top surface). The overwhelming signal from the TiO 2 substrate did not allow for a direct comparison of thin Zn(O,S) films to our previous work, 9 because the thin films almost look identical to the TiO 2 reference ( Figure S2 ). When growing thin Zn(O,S) films on flat SiO 2 substrates (Figure 1b) , clear thin film and interface information is obtained from the O K-edge TEY XANES spectra (Figure 2a ). The features A−E correspond to the electronic excitation from O 1s states to unoccupied states in the conduction band of ZnO, which is made up of O 2p−Zn 4sp states. 22 Sample S10_20 bears closest resemblance to the reference sample. Its features are broadened, D − E are lost and the B/A ratio is less. In sample S20_20, feature C disappears and feature A′ weakly appears indicating the hybridization from S 3p orbitals. 9 A′ is most prominent in sample S33_21. Similar to the thick films grown on Si ( Figure S3 ), the longer range order (peaks C, D, and E) of the thin films has not fully developed. Auger electron yield (AEY) spectra, which reveal information from the very top surface of the sample ( Figure  S4 ), appear similar, suggesting that Figure 2a already contains information on the Zn(O,S)/SiO 2 interface. The energy onset of all the thin film spectra are slightly shifted to higher energies in comparison to the thick films ( Figure S5 ). This likely indicates an increase in the band gap. 9 The spectral weight of 20 and 33% films shifts to higher energy. This results in a differently appearing peak A in the thin film regime. It is weak in the 20% case and disappears in the 33% sample. Due to this shift, feature A′ also appears differently. These changes in the electronic structure might explain the differences in thin film device performance with thickness despite fabricating samples in the same way. 6, 7 In solar cell devices, the ZnO/Zn(O,S) is a relevant interface to investigate and one that has not been carefully considered thus far. 5 To obtain information on Zn(O,S)/ZnO interfaces, Figure S4 . All spectra were background subtracted and atomically normalized in the energy region from 548 to 560 eV. O K-edge spectra of (b) thin samples deposited on Si coated with 12 nm of ALD ZnO (AEY) and (c) ∼50−60 nm Zn(O,S) films deposited on ZnO-coated Si (solid) and TiO 2 NPs (dashed), both TEY. As a reference sample, we show the O K-edge of 60 nm ALD ZnO in both panels. Figure S6 ). This change in the spectrum is significant, because it means that the unoccupied density of states is shifted to lower energies, suggesting that the band gap of the sample is lower.
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Comparing thin (∼2−4 nm) with thick (∼50−60 nm) Zn(O,S) films grown on ZnO, we observe the absence of peak A in the thick 10% sample (Figure 2b ). Key features of the 20% sample remain similar in thick samples. At this composition, Zn(O,S) seems to grow more homogeneously. This can be due to the highly distorted structure which seems to be minimally influenced by the substrate. The 33% samples appear very different in the two thickness regimes. In thick samples, feature A′ is more distinct and shifted to higher energy. Feature A has developed to higher intensity than feature B, shifting its spectral weight to lower energy. The 10% film develops feature D with thickness. The 20% sample does not develop any high energy features indicating that it is limited in order. We can conclude that samples with high distortion from either crystal structure grow homogeneously with thickness, whereas the substrate distorts samples with compositions close to ZnO or ZnS. These changes in the film morphology with film thickness are likely due to relaxation events and might play a role in the observed performance differences with buffer layer thickness. 7 In Figure 3a , we investigate the effects of this interface on the electronic structure of ∼50−60 nm (300 cycles) thick Zn(O,S) buffer layers (architecture in Figure 1c ) in the S K-edge XANES spectra. As a reference to the Zn(O,S) films, we show an ALD grown 34 nm thick ZnS (300 cycles) on TiO 2 NPs, which matches with literature. 23 The particular sensitivity of S K-edge XANES, 24 allows us to precisely investigate sulfur's bonding environment (Figure 3) . Among the many features present, a peak that does not belong to ZnS is present at 2482.5 eV (starred), only barely visible in TZ20_300, but unmistakably pronounced in TZ10_300. The peak at this energy signifies the formation of sulfate species indicating sulfur's presence in +6 oxidation state. This was observed in Zn(O,S) films grown on TiO 2 NPs; 9 however, there the formation was far less pronounced. It appears sulfate formation is more favorable at ZnO/Zn(O,S) interfaces than at TiO 2 /Zn(O,S) interfaces.
Sulfate changes the electronic and chemical structure of ZnO and its interface to the absorber layer. It is detrimental for device performance. It leads to an increase in resistivity and a loss in fill factor, which is commonly observed in old, degraded devices that are continuously exposed to high humidity and heat. 25, 26 ALD growth of ZnO and Zn(O,S) requires long process times at elevated temperature and recurring exposures to evaporated H 2 O. These conditions seem to favor sulfate formation and might explain the difference in device performance with ALD Zn(O,S) films, which are lower as compared to sputtered or chemical bath deposited films.
13
Samples with high sulfur concentration (33%) do not contain sulfate. The sulfate may still potentially form at the Zn(O,S)/ ZnO interface, but the sulfide signal is probably overwhelming the sulfate in this case. 25 To verify this hypothesis, we have to look at the XANES of ultrathin films comprising mostly interfacial information.
We grew ∼2−4 nm Zn(O,S) films of different sulfur concentrations on TiO 2 NPs (Figure 1a) where S K-edge spectra are shown in Figure 3b . As a reference, we show ∼2 nm of ALD ZnS. We were not successful in obtaining spectra of Zn(O,S) films grown on TiO 2 NPs coated with thin ZnO layers. The signal-to-noise ratio was too weak to obtain Zn(O,S) spectra in the S K-edge. Sample T33_21 has all the peaks as the reference sample, however, features C 2 and D 2 are weaker, while C 3 is stronger. Sample T20_20 loses features C 1 and C 2 . Sample T10_20 also no longer has features C 1 and C 2 and features C 3 and D 2 seem to have nearly disappeared. The loss of features just past the main edge (C 1 , C 2 , and C 3 ) are due (TFY gives information from tens of nm from the top surface). As a reference sample, 34 nm of ALD ZnS (300 cycles) was deposited on anatase TiO 2 NPs. The main S K-edge absorption can be analyzed as a transition from S 1s to hybridized states with orbital contributions from S 3p and Zn 4sp. Starred peak pertains to presence of sulfate. (b) S K-edge XANES TFY spectra of thin samples deposited on anatase TiO 2 NPs. The reference sample was TZnS_20, (20 cycles ZnS deposited on anatase TiO 2 NPs). The presence of the peak at 2482.5 eV (starred) is indicative of sulfate and is there in all the thin samples, regardless of stoichiometry. All spectra were background subtracted and atomically normalized in the energy region from 2500 to 2510 eV.
ACS Applied Materials & Interfaces
Letter to distortion of the lattice away from cubic ZnS. 23 With decreasing S concentration, we see feature C 3 's intensity gradually decreasing. Interestingly, in the ultrathin film regime, all compositions closely resemble ZnS, whereas in the thick samples, the one with the lowest S content is quite dissimilar (Figure 3a) . In the thin film regime, the formation of an interfacial sulfate can now be detected in all films, independent from stoichiometry (starred). The sulfate peak is again most prominent at the lowest S concentration (T10_20), however, T20_20 now has the smallest sulfate peak intensity. Unlike in spectra taken from thick film (TZ33_300, Figure 3a) , its thin film counterpart shows sulfate formation (T33_21, in Figure  3b ).
When growing thick Zn(O,S) films on TiO 2 NPs, sulfate formation seems limited. For 50−60 nm thick films, < 1% sulfate was detected in samples with 10% H 2 S cycle ratio. 9 In the ultrathin film regime, however, all samples show sulfate. We hence hypothesize that sulfate evolves at the interface. This seems more likely on ZnO/Zn(O,S) than on TiO 2 /Zn(O,S) interfaces as more sulfate was present in the thick TZ10_300 (Figure 3a) grown on ZnO. Even TZ20_300 shows a low sulfate peak, whereas it remained absent in a 20% sample grown directly on TiO 2 NPs. This is likely due to ZnO's tendency to form ZnSO 4 following interdiffusion of S into the ZnO lattice. 25 Composition wise, thin films are similar to thick films with lower sulfur content (Figure 4a) . At 10% H 2 S cycle ratio, the S/ Zn content is higher in thin films. After 20%, the thin films' S/ Zn content seems to plateau. In thick Zn(O,S) films, such a S/ Zn compositional independence was reported only at higher H 2 S cycles and S/Zn ratios.
11 Generally, Zn(O,S) films with low sulfur content are better buffer layers, however, in thin films, the optimum relative H 2 S cycle ratio (H 2 S/(H 2 S+H 2 O)) is higher than for thick films.
10,11 Our results explain why thin films with higher H 2 S cycle numbers can yield better performances as sulfur incorporation seems to be limited when Zn(O,S) first begins to grow. The drastic electronic structure difference of the thin film 33% sample compared to its thick counterpart also supports this hypothesis.
Sulfur diffusion becomes problematic as it especially blurs interfaces in multilayer sulfide laminate and in metal-oxide/ sulfide interfaces. Films like ZnO limit diffusion, but do not entirely prevent it.
12 However, this challenge also presents an opportunity. Leveraging sulfur's diffusivity, we propose a novel Zn(O,S) composite film deposition strategy.
In Figure 4a , we compare the S/Zn compositions of thin Zn(O,S) deposited by the conventional sequential nanolaminate ALD Zn(O,S) process (diethyl zinc (DEZ)−H 2 O− DEZ−H 2 S) and a diffusion facilitated film deposition (Diffd) strategy (DEZ−H 2 O−H 2 S). To show that diffusion plays a significant role for Zn(O,S) films and for sulfides in general, 12 we employ the Diffd method, in which, according to the general ALD principle, 27 ZnS should not grow by simply exposing the −OH terminated surface to H 2 S. Yet, when employing Diffd, the compositions of Zn(O,S) films seem to be nearly equivalent to those obtained with the nanolaminate method until a cycle ratio of 20% H 2 S. At 33%, however, the composition drops with the conventional strategy, where it plateaus when employing Diffd. The compositional changes are not as drastic in comparison with thick samples. To draw definitive conclusions on the compositional differences and trends obtained with either deposition technique, we require studies with higher H 2 S cycle numbers, which is beyond the scope of this work.
Here, we focus on the deposition technique dependent electronic structure differences (O K-edge Figure 4b ). Employing Diffd, the spectra appear slightly broader with a decreased B/A peak ratio. Due to diffused sulfur's incorporation into the ZnO lattice, the local bonding environment deviates slightly more than in nanolaminate Zn(O,S) films. This influences the orbital mixing in S 3p -Zn 4sp -O 2p and is most pronounced in the 20% sample. The Diffd 33% sample closely resembles the nanolaminate sample showing a slightly more distinct A′ peak. In general, both deposition strategies seem to yield films similar in electronic structure and composition. It is interesting to note that despite having similar S/Zn ratios for the 20 and 33% thin films, the electronic and hence geometric structure of these thin films are different (Figures 3b and 4b) , indicating that the incorporation of sulfur is occurring differently.
Regardless of the specific film composition and interface at play, these findings show that metal-sulfide and especially mixed metal-oxide/metal-sulfide ALD require deeper investigations. From the current understanding of the H 2 S oxidation step in the nanolaminate protocol, H 2 S first dissociates, then 
Letter protonates the ligand and creates a surface thiol on the metal. 27, 28 In the context of these findings, we might have to revise this concept. We speculate that only a limited number of DEZ surface sites, available after the first ZnS half cycle, react with H 2 S, protonate the ligands and leave surface thiols. The dominant mechanism seems to be the diffusion of sulfur deeper into the growing film after H 2 S exposure. Reactive surface sites remain available for the next H 2 O pulse.
In summary, we carefully investigated substrate, thickness, and precursor sequence effects on the electronic and atomic structure of Zn(O,S) thin films deposited by ALD. We observe several discernible differences in the thin versus thick film regime as revealed by the O and S K-edge XANES spectra, especially for the 33% films. Sulfur deficient (10% and 20% H 2 S cycle ratio) Zn(O,S) films tend to grow more homogeneously, whereas we can discriminate key structural differences in sulfur rich samples (33%). These sulfur rich films are quite distorted when grown on ZnO and thus modify their electronic structure during growth through relaxation events. We discovered the formation of sulfate in Zn(O,S) films and their stronger expression in thin films compared to thick films, showing that these species form at Zn(O,S)/ZnO and Zn(O,S)/TiO 2 interfaces. Their formation is independent from film composition and occurs through sulfur's diffusion within the films and into the substrate. This results in degradation of device performance as is already known. Leveraging sulfur's diffusivity, we propose a diffusion enabled alternative ALD deposition method (Diffd) comprising H 2 S pulses after full ZnO deposition cycles. Yielding similar results to the conventional laminar method, we challenge future researchers to rethink deposition strategies for oxysulfide ALD films as metal-sulfides might grow in a completely different manner than metal-oxides.
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